Here, we report our educational approach and learner evaluations of the first five years of the 19
24
Importance 25
High-throughput sequencing and related statistical and bioinformatic analyses have become 26 routine in microbiology in the past decade, but there are few formal training opportunities to 27 develop these skills. A week-long workshop can offer sufficient time for novices to become 28 introduced to best computing practices and common workflows in sequence analysis. We 29 7 Patrick Schloss and members of his lab (University of Michigan) taught amplion analysis with 130 mothur; Jim Tiedje (Michigan State University) provided a lecture and discussion on the future 131 of microbial ecology. Instructors interacted with the learners during dinner and social time, and 132 this provided an opportunity for learner networking and discussions. 133
134
Learning environment and daily schedule 135 EDAMAME was held at the Kellogg Biological Station (KBS), which offered a remote 136 location, offering an immersive experience for learners and instructors. KBS was also chosen for 137 economy -the room and board rates at KBS were affordable to many (e.g., ~$370 per week in 138
2018). Teaching assistants and volunteers provided transportation from the Kalamazoo and 139
Lansing airports to KBS. KBS also provided conference services, dining, wifi, and bonfires. 140
Finally, the natural setting and outdoor activities at KBS provided a respite to time spent in 141 front of the computer. 142
The length of the workshop varied from 7 -11 days (Table 1) , including travel days. The 143 morning schedule included an overview lecture followed by hands-on tutorials and group 144 learning activities. After lunch, we had an afternoon lecture and additional tutorials. We held 145 optional office hours with "choose your own adventure" tutorials and/or lectures on learner-146 chosen topics during the afternoon break. For example, in 2018 we discussed exact sequence 147 variant analysis. Learners could also ask specific questions about their own data during office 148 hours. After dinner, we held an evening guest lecture in microbiome research. Evenings 149 provided free time for networking and relaxation. 150 8 151 EDAMAME educational strategy and assessment 152 EDAMAME's educational strategy addressed two training needs. First, we offered 153 general training in the fundamentals of introductory computing (e.g., command line, scripting, 154 cloud computing, bioinformatic workflows). This equipped participants with the basic skills 155 needed to independently execute their analyses. We also offered specific training to overcome 156 hurdles particular to microbial metagenomic data analysis and advised on best practices for 157 microbiome analysis. To iteratively assess these strategies, we used a combination of 158 summative and formative assessments to determine participant learning gains. 159
For the summative assessments, we worked with educational consultants to develop 160 online, anonymous surveys and perform pre-and post-workshop assessments. These 161 assessments evaluated student-reported learning gains and confidence in areas aligned with 162 our learning objectives. The learners created a password to preserve their anonymity while 163 allowing for linking the pre-and post-survey responses. To maximize response rate, we 164 provided dedicated time in the classroom to complete the surveys. The pre-assessment survey 165 was completed on the first full day, and the post-assessment survey was completed on the final 166 day of the workshop. We updated the survey annually to reflect any new or changed learning 167 objectives but maintained the structure to facilitate interannual comparisons. Results of the 168 annual surveys guided the continued development of course materials and topics covered. In 169 the early years of the workshop, we had consultants perform in-classroom observations and 170 9 provide feedback to the instructors. Ultimately, we compiled the five years of pre-and post-171 survey data and performed a longitudinal analysis. 172
In the pre-and post-surveys, learners were asked to indicate the extent to which they 173 understood specific learning outcomes or skills covered in the course, with ratings (e.g. Strongly 174
Disagree, Disagree, Agree, and Strongly Agree ( Table 3) ). 175
We also used "real-time" assessment during the workshop by replicating formative 176 assessment strategies found to be effective in Software Carpentry workshops (8-10). Each 177 participant was given a green ("I'm doing okay") and a red ("I have a question") sticky note to 178
stick onto their open laptop during tutorials. This visual cue allowed instructors to quickly 179 survey the classroom and determine learners' comfort level, and to attend to any student who 180 was struggling during tutorials. Furthermore, it allowed students to continue working through 181 tutorials or troubleshooting without the need of raising their hand. We also employed "minute 182 cards". After each tutorial, students wrote what went well on the green sticky note and what 183 could be improved on the red sticky note. Instructors and TAs read through notes during breaks 184 to quickly identify gaps in understanding. This allowed us to identify gaps and make 185 adjustments (e.g., in speed) in the subsequent instruction period. 186
187

Building community resources and peer networks 188
We were dedicated to promote a welcoming and supportive learning environment. We 189 presented a code of conduct in the welcome lecture so that it was clear that any questionable 190 conduct was grounds for dismissal. We used the online "etherpad" for shared note taking to 191 maximize engagement and inclusivity. We did our best to accommodate learners with families, 192 providing private housing to families and learners with special requirements. 193
We aimed to build a peer learning community and to provide resources to support 194 learners beyond the workshop. We offered an informal meet-and-greet on the arrival travel day 195 and get-to-know-you lighting presentations after the first full day. These interactions allowed 196 learners to identify peers with common research interests early in the workshop. We created a 197 workshop website and public repository on GitHub so that learners (and outside parties) could 198 access EDAMAME learning materials. We also asked short-answer questions at the end of the survey, in which learners were 211 asked to design an experiment and report how they would process and analyze microbial 212 community high-throughput sequencing data. We observed increased sophistication in the 213 responses to the short-answer questions from the pre-to post-survey, with some learners 214 leaving the questions blank in the pre-survey and then providing thorough answers in the post-215
survey. This suggests large gains especially for learners who were new to high-throughput 216 sequence analysis. 217
Qualitative interviews from 9 learners who attended EDAMAME from 2014-2016 (each 218 spending 25-40 minutes with the interviewer, Table 4) suggested that this group of learners 219 were largely satisfied with the workshop and appreciated the attentiveness of the TAs and 220 instructors as well as the red/green sticky note mechanism for soliciting help in real time. 221
However, some of these learners also felt that there was too much material covered in the 222 workshop and reported that they struggled to keep up with the pace of the course ("Content 223 overwhelm"). Finally, we had many interviewed learners state that the workshop and materials 224 covered made a positive impact on their career and research. 225
Discussion and Lessons Learned 226
We offer suggestions from our experiences for running an effective microbiome analysis 227 workshop (Box 2). EDAMAME's content changed from 2014 to 2018 to meet changing learner 228 needs. These changes were guided in part by the applicants' responses to questions about 229 their dataset and their expectations for the workshop. For example, amplicon analysis (e.g., 16S 230 rRNA gene sequencing) was favored in early years while untargeted metagenome analysis was 231 favored in later years. Similarly, proportionally fewer students in 2018 were novice to the 232 command line or R, but the majority of the class appreciated the refresher. Some of the 233 learners with self-taught experience embraced the opportunity to re-learn the "correct" 234 approaches and to gain missing foundational knowledge. Several tutorials were popular every 235 year. For example, there was a consistent demand for ecological statistics and "supporting" 236 skills like GitHub/version control, and cloud computing. 237
High instructor to learner ratio was essential for the success of the hands-on EDAMAME 238
workshop. In the years that we had the lowest instructor to learner ratios (e.g., in 2014 and 239 2015, Table 2), the TAs and instructors anecdotally reported exhaustion while the learners 240 craved more attention. In addition to formal instructors, learners could assist one another. To 241 facilitate peer learning, we arranged the classroom in tables with groups of two or four. We 242 also encouraged learners to support one another with troubleshooting in the time that it would 243 take for a free instructor to come to assist 244
Regardless of the length of the course, several learners indicated in their post-assessments 245 that more time at the workshop was needed each year. However, learners who were faculty or 246 staff researchers shared (in informal conversations) that they would have been unable to 247 commit to a longer workshop due to other professional responsibilities. We noted that there 248 were other offerings for multi-week workshops e.g., STAMPS), as well as several one-or two-249 day workshops at professional society meetings and pipeline-specific training (e.g., mothur and 250 QIIME). 251 13 Timing the workshop had several challenges. EDAMAME was held in the summer, and we 252 tried to avoid scheduling it for the same week as major microbiology conferences, like the 253 American Society for Microbiology Microbe meeting, the International Symposium on Microbial 254
Ecology (ISME) and Ecological Society of America meetings. Because microbiome analysis spans 255 multiple disciplines, it was hard to avoid all of the large conferences that microbiome 256 researchers may attend. We also had to change the timing workshop every year to 257 accommodate the KBS event schedule. As EDAMAME grew in popularity, some learners applied 258 for fellowships or travel awards to support their training, but the annual change in timing made 259 it difficult for students to plan. Moving the workshop to a dedicated conference site (e.g., a 260 hotel) may help with consistent timing, but it would also increase the cost to learners. 261
We found that using cloud computing streamlined course content and democratized access. 262
We used the Amazon Elastic Compute Cloud (EC2), which was cost effective and available to 263 students who do not have access to high performance computers at their home institutions. In 264 early years, we guided learners through software installation on the EC2, but in later years, we 265 installed software in advance to focus on moving data to and from the EC2. Using the EC2 266 presented a challenge for learners who were affiliated with government agencies or research 267 laboratories (e.g.,US Environmental Protection Agency , US Geological Survey) because of their 268 need for additional security and management approval prior to installing new software or 269 moving data. While we did not have a perfect solution for these learners, we began to 270 anticipate their needs and prompted them in advance to receive required permissions. 271
Another hurdle with using the EC2 was the changing way that Amazon provided student or 272 educational computing resources over the years. In some years, Amazon provided individual 273 14 credits to learners and in others required the instructors to apply for an educational grant. 274
Cloud computing logistics needed to be anticipated about nine months in advance, but in years 275 where individual email addresses were needed, it was impossible to prepare until after 276 admissions were finalized, which typically occurred 4 -6 months in advance of the workshop. 277
We also note an issue for some international learners who did not have credit cards compatible 278 with Amazon requirements to enroll for an EC2 account, and for these learners we had to share 279 our own accounts or create accounts for them. 280
While our applicant pool and learner demographics reflected balance in gender, discipline, 281 and academic level, EDAMAME fell short of its racial diversity goals. We could have benefitted 282 from improvement in advertising the course to reach a broader pool to attract more applicants 283 of color. We largely advertised on social media and through word of mouth. We recommended 284 to specifically advertise to key target learner groups, like those underrepresented in the 285 sciences who may be expected to have less access to the training. On a positive note, we have 286 evidence that EDAMAME was reaching socioeconomic diversity goals, as two interview 287 respondents were clear that they would not have had the same opportunity for training and 288 advancement given their lower income backgrounds if it had not been for EDAMAME. 289
A final lesson to share is the balance between course value and learner costs. In its first 290 years, EDAMAME was funded piece-meal by generous sponsors. We experimented with a 291 mixed enrollment model of offering EDAMAME for university credit to local students and for 292 fee to outside students, but many of the local students could not afford the summer tuition 293 required for the credit hours. Then, EDAMAME was funded by external federal grants. We 294 began to charge modest workshop fees ($325) to support items that could not be covered by 295 the grant (e.g., coffee, snacks). As soon as we began to charge workshop fees, the majority of 296 applicants began to request financial aid. We realized that many of the learners, mostly 297 graduate students and post-doc, were paying for the workshop personally, so we then worked 298 to waive fees for eligible students in need and offer scholarships for students with international 299 travel. By contrast, the instructional team did not have enough funds to fully pay the TAs and 300 instructors, who largely volunteered their time because they believed in the mission of the 301 training. Guest instructors and lecturers generously volunteered their time as part of their 302 broader impacts, and the workshop covered their travel expenses along with room and board 303 at KBS. Thus, there is inevitable tension balancing instructor compensation and course 304 affordability. 305
How much does it actually cost to run a workshop like EDAMAME? The first year, we ran 306 the workshop for less than $14,000; students paid their own expenses of room and board; and 307 no workshop fees were charged. This face amount did not include substantial additional 308 support that was provided via shared logistics with the ANGUS workshop, which was occurring 309 at the same time at Kellogg Biological Station. It also did not include any support for personnel, 310 which was the largest true expense. Ideally, there would have been an annual budget for 311 instructor and TA summer salaries, a logistics coordinator salary, and hourly salary for 312 undergraduate labor during the course. We also realized that unless we could procure funds to 313 support personnel, the training may not be valued as highly by institutions and peers, and may 314 instead be perceived as a cost to other scholarly activities. We were grateful for the support of 315 the NIH 2015-2018 and the USDA 2017-2018. The second biggest expense was be financial aid 316 to offset costs of room and board and workshop fees to learners who needed it, which we 317 provided in 2017 and 2018 to qualified learners, with USDA support. The third biggest expense 318 was the educational consultant to evaluate the course as a neutral third-party, which was 319 $5,500 to $6,000 per evaluation. The remaining expenses were conference services at Kellogg 320 Biological Station, and lodging and travel expenses for the instructional team and guest 321 speakers. In summary, there is a trade-off between the course cost, inclusive of the real value 322 of instructor/TA time, and workshop affordability for the learners. 323 324
Future directions 325
While the data indicate that EDAMAME workshop was effective, a limited number of 326 learners can be accommodated per year, and there is high effort from the instructional team to 327 support them. This is a low-throughput model of skill development. We are eager to reach a 328 larger learner pool than what we could accommodate in the classroom. In 2016, we 329 experimented with live engagement of three to five remote learners (varied by tutorial) using 330 free conference calling and screen sharing resources. The remote learners participated as a 331 group at the same location. They engaged with the lectures and tutorials as fully as possible 332 (but missed out on the guest lectures and other events). This added a mild distraction for the 333 on-site learners, but the workshop proceeded relatively smoothly. The biggest hurdle was 334 engaging with the remote learners during tutorials, as they had no classroom support. It is 335 possible that a remote learning workshop could be successful, given an appropriate investment 336 into conference technology, an on-site coordinated dedicated to its logistics, and an enhanced 337 instructional team with traveling TAs dedicated to the remote classrooms. 338
The content of EDAMAME remains freely available online, but parts of the content are also 339 Positive overall comments "EDAMAME was an inspiring introduction into microbiology. I thought the kind of analyses you could do with microbiology was really interesting. I really got pulled in on the data science part." (2014) "It was definitely one of the most effective workshops I've been to." (2016) "Very comprehensive, reached a lot of people from different backgrounds who were interested in analyzing microbial communities. I thought it provided a good survey of the tools that were available and it brought in some experts." (2014) Content overwhelm comments "I loved it, I had a blast. It was exhausting. It was a lot of fun, I learned a lot. I kind of felt overwhelmed." (2016) "I appreciated the workshop for its usefulness, it's a lot to take in. We need time to process. It's nice to have a bit of a breather. For someone who was new to the field like me. I needed a bit of time to digest." (2014) "It was pretty intense for me. I had never done any kind of code work before. This was really my first introduction…" (2015)
Career Impact Comments "I can say that the course inspired me and put me on my path and inspired me to think about different ways to do analysis. They talked a lot about the different tools that were available." (2014) 
